Charged Higgs particles are a common feature of many extensions of the Standard Model. While its existence with masses up to the TeV scale can be probed at the Tevatron Run II and LHC hadron colliders, a precise determination of its properties would have to wait for a high energy e + e − linear collider. We have computed the complete one-loop electroweak corrections to the cross-section for charged Higgs bosons pair production in e + e − collisions, in the framework of general Two Higgs Doublet Models, as well as the Minimal Supersymmetric Standard Model. A study is presented for typical values of the model parameters, showing the general behaviour of the corrections.
Introduction
During the next decades the Tevatron and LHC hadron colliders will explore the TeV energy region, performing tests of the Standard Model (SM) at energies higher than ever before and searching for new physics phenomena. While these machines are well suited to discover possible new particles with large masses (e.g. up to 2.5 TeV for the LHC [1] ), the next generation of high energy and high luminosity e + e − linear colliders, such as TESLA, are the best environment to make a precise determination of their properties. One of the major goals of TESLA will be to perform precision measurements of the properties of heavy particles, like the top quark, reaching a level comparable to the LEP I determination of the Z boson observables. In view of these prospects it is necessary to account for radiative corrections in order to have theoretical predictions with an uncertainty smaller than the experimental one. In the case of processes involving non-standard particles, precision studies are a crucial requirement for their accurate identification within the various conceivable extensions of the SM.
A common feature of many SM extensions is the augmentation of the Higgs sector, predicting the presence of additional neutral Higgs bosons and of charged Higgs particles, which are in the focus of this study. The simplest SM extension, the so-called Two Higgs Doublet Model (2HDM) [2] , includes an additional Higgs doublet in the scalar sector. From a theoretical point of view, the supersymmetric (SUSY) extensions of the SM are more appealing; the simplest version in this class of models is the Minimal Supersymmetric Standard Model (MSSM) [3] .
In the MSSM, the Higgs sector is determined at the tree-level by just two parameters, which are conventionally chosen to be the ratio of the two vacuum expectation values, tan β = v 2 /v 1 , and a mass which we take as the charged Higgs mass M H ± . The relations between the various masses, however, get significant corrections at higher orders [4] .
In the general 2HDM, all the masses and the mixing angle α for the CP-even neutral Higgs bosons are independent parameters [2] ; in addition we have an independent parameter which enters the Higgs bosons self-couplings, which we take to be λ 5 in the convention of [2] . Indirect constraints on charged Higgs bosons are obtained from present low energy data on the branching ratio BR(b → sγ) which does not favour low values of the charged Higgs mass in the 2HDM of type II [5] ; the latest analysis indicates a value for M H ± higher than 165 GeV [6] .
If the charged Higgs particle is light enough, it will be pair-produced at TESLA at appreciable rates. The detailed discussion of the production cross-section on the basis of a complete one-loop calculation in the general 2HDM and the MSSM, incorporating also soft and hard photon bremsstrahlung, is the content of this article.
The first question to be addressed is the relevance of studying charged Higgs pair production. In Fig. 1 we have displayed the tree-level cross-section σ (0) (e + e − → H + H − ) as a function of the charged Higgs mass for different values of the center of mass energy √ S. The typical value of this cross-section lies in the ballpark of several fb, unless the center of mass energy is very close to the production threshold.
For definiteness, we will concentrate our discussion in this article on two scenarios: the [fb] √S=500 GeV √S=800 GeV √S=1000 GeV √S=1500 GeV √S=2000 GeV first one with an energy of √ S = 500 GeV and a charged Higgs of M H ± = 220 GeV (set A), the second one with a higher energy of √ S = 800 GeV and a charged Higgs mass of M H ± = 300 GeV (set B). A high luminosity of 500 fb −1 /year for the TESLA collider is assumed. Under these conditions σ For set B a recent study [7] shows that the background to this process can be reduced very efficiently, maintaining most of the signal events and allowing for a precise determination of the mass of the charged Higgs particle.
There are also other processes where a charged Higgs boson could be produced at TESLA. The associated production e + e − → H ± W ∓ [8] is one-loop mediated in lowest order, and thus its cross-section is smaller than that of H + H − pair production, provided the latter channel is open. There exists also the associated production with quarks of the third generation H +t b, which suffers of being a three-body production; but it could be important in certain regions of the parameter space. Finally, if the charged Higgs is light enough, it could arise from primary top quarks decaying according to t → H + b. The non-SM radiative corrections to this process have been studied, and are found to be very large, with important consequences for the charged Higgs search in the region M H ± < m t [9] .
The second question to be addressed is the size of the radiative corrections to e + e − → H + H − . They can be expected to be important because of the potentially large couplings associated with the Higgs sector, to wit: the Yukawa coupling of the top quark, and of the bottom quark at large tan β for the type II 2HDM; the couplings involving squarks of the third generation in the MSSM; and the self-couplings of the Higgs particles in the general 2HDM.
The third question to be addressed is the possibility to discriminate between the different models by means of precise measurements of the cross-section. This point is closely related to the previous one, since the detailed structure of the model enters only at the quantum level, through the radiative corrections.
In this note we will restrict ourselves to the presentation of the main results of the one-loop calculation; the complete expressions and a comprehensive analysis will be presented elsewhere [10] . The computation has been thoroughly checked, invoking also a numerical check versus a code generated by the computer-algebra system FeynArts and FormCalc [11] . The one-loop corrections for this process were also discussed in Ref. [12] for the fermion and sfermion contributions, and in Refs. [13, 14] for the Higgs, gauge and fermion sector in the case of the 2HDM of type II and also of the MSSM Higgs sector. Our results are in good agreement with those of Ref. [14] . In the present work we have also computed the corrections for the case of the type I 2HDM and the contributions from the chargino-neutralino sector in the MSSM. Moreover, we present an analysis of the forward-backward asymmetry, including also the complete O(α) QED corrections with hard photons.
2 One-loop corrections to σ(e
The lowest-order differential cross-section for e + e − → H + H − is determined exclusively by the gauge couplings and by the mass M H ± , which enters only the phase space. Moreover, the angular distribution is symmetric in the production angle θ. Through the loop contributions, the cross-section becomes dependent on the details of the Higgs sector and, in addition, of the SUSY particles in the case of a supersymmetric model. Specifically, also an angular asymmetry is induced, giving rise to a forward-backward or charge asymmetry.
QED corrections
As often done in the discussion of one-loop corrections, we first separate the subclass of the QED (photonic) corrections. The contributions of this class are universal in the sense that they only depend on the charge of the particles but not on the details of the underlying model. They are in general numerically important, and it is necessary to have them under control if one wants to observe the small effects resulting from the residual non-QED one-loop contributions with their model-specific informations.
We have computed the complete O(α) QED corrections, which arise from the exchange of virtual photons and from real photon bremsstrahlung. Both the soft and the hard photon emission are included. The bulk of the QED corrections is given by initial state radiation (ISR), which lowers the effective center-of-mass energy available for the annihilation process. These corrections are typically quite large; one therefore has to take into account also 0. 1 1 10 100
Figure 2: Photonic (QED) corrections to the total cross-section σ(e + e − → H + H − ) (with reversed sign) and the forward-backward asymmetry as a function of the photon energy cutoff.
higher orders with a resummation of leading terms. For our calculation we have used the resummed leading ISR corrections as given by the structure function method (see e.g. [15] ).
The interference between initial and final state radiation is of special interest since it is responsible, together with the box diagrams containing at least one virtual photon, for a QED-induced charge asymmetry, which has to be well separated from the charge asymmetry caused by the model-specific non-QED box diagrams.
In Fig. 2 we display the QED corrections to the integrated cross-section (with reversed sign) as well as the QED contributions to the forward-backward asymmetry A F B and to the quantity ∆ F B in eq. (3), as a function of the cut-off to the photon energy assuming that photons with energy E ≤ E M ax γ are not resolved. The relative correction ∆ σ is defined in the following way
where σ is the integrated cross-section including radiative corrections and σ (0) is the treelevel prediction. We see that for a more inclusive cross-section, allowing for photons with higher energies, the QED corrections decrease. For the choice of parameters as in Fig. 2 the QED corrections to the total cross-section are negative, ranging from −60% to −20% [−10%] for set A [B] . The asymmetry is discussed in section 3.
Weak Corrections
The weak corrections form the complementary subclass of the non-QED one-loop contributions, with model-specific information beyond that in the tree-level amplitude. In Figs. 3 We classify the weak corrections as follows:
• The first set of diagrams is formed by loops which contain gauge bosons, together with electrons, neutrinos, and Higgs particles. These particles contribute to the IS, FS, self-energies, and box corrections. Their contributions are sizeable (see below), and they are specially interesting in the parameter range of tan β = 2 − 20.
• Vertex one-loop diagrams with Higgs boson exchange only contribute to the FS corrections; in the IS they are negligible. In these kind of diagrams the potentially large Higgs self-couplings occur in the general 2HDM, whereas in the MSSM the Higgs self-couplings are always small.
• The loops with top and bottom quarks contribute to the FS corrections through the Yukawa couplings, which are given by [2] 
where the expression for λ b depends on the type of the 2HDM. We see that these couplings can be important either at low and (for the type II 2HDM) large values of tan β. In the MSSM, only type II is realized.
• In the MSSM we have in addition the corrections due to squarks, with the most important ones from the third generation squarks (t,b). In this case not only the Yukawa-type couplings (2) are large, but also the trilinear squark-squark-Higgs boson couplings can be quite huge, leading to large corrections.
• Finally we have the diagrams with loops containing all the plethora of chargino, neutralino, and selectron-sneutrino. These particles contribute to all kind of topologies.
As we have found, their contribution to the total cross-section is generally rather small, at the level of a few per mille; however, they do contribute to the forwardbackward asymmetry. 
We start our numerical analysis with the case of the general 2HDM. In Fig. 3 we present the evolution of the corrections with tan β for fixed typical values of the other parameters. It should be stated that in all our numerical analysis we have respected present constrains on the parameter space, taking care that the additional contributions to the ρ parameter do not surpass present experimental errors.
The free parameter λ 5 in the Higgs bosons self-couplings is a general feature of the unconstrained 2HDM. For 0.7 < tan β < 2 it modifies the cross-section not more than ±10%, even for rather large values λ 5 < 20. For large tan β, however, λ 5 enters the loop diagrams in the combination ∼ λ 5 tan β. This gives rise to large positive corrections, which would be in conflict with perturbative consistency if we let λ 5 vary freely. In the following we restrict our discussion to small values of λ 5 .
From Fig. 3 we can see that for low tan β values both of the 2HDMs give the same predictions. In this region the radiative corrections are dominated by the top quark Yukawa coupling (2) and can amount to −15%. The size of the corrections decreases with the top quark Yukawa coupling, and a flat region exists for the intermediate range of tan β = 2−10. In this region the radiative corrections are driven by the gauge-and Higgs self-couplings. For our chosen set of parameters they amount to a ∼ 7% positive correction. For larger energies or lower charged Higgs boson masses the corrections can be slightly negative [10] . For the type II 2HDM at large tan β, the bottom quark Yukawa coupling (2) enters the game, driving again towards negative corrections for large tan β. For the type I 2HDM, on 
the other hand, the corrections reach an asymptotic value.
In Fig. 4 we have plotted the weak corrections for the case of the MSSM, assuming a SUSY mass spectrum in the ballpark of 1 TeV. The corrections show a behaviour similar to that of a type II 2HDM. If the SUSY spectrum is lighter, however, the situation changes. Fig. 5 shows the corrections as a function of the sbottom mass parameter, for different choices of the mixing parameters. Indeed, when the squark masses get low enough (mq < ∼ 500 GeV) they give positive contributions to the corrections, which can be sizeable even when they are too heavy to be directly produced at TESLA. Lighter squark masses can make the corrections negative, thereby yielding much larger values than the 2HDM case for the same value of tan β. This is the only potentially large loop effect from SUSY particles, since the contributions from the chargino-neutralino sector are comparatively tiny (below the 1% level).
The forward-backward asymmetry
In principle the forward-backward asymmetry seems to be an appropriate observable for testing the type of electroweak model for the charged Higgs bosons. In the case of the MSSM there are much more box-type diagrams (with virtual charginos and neutralinos) that contribute to the asymmetry, and one might expect that, although their effect on the total cross-section is negligible, they could amount to an observable contribution to the asymmetry. The forward-backward asymmetry is defined as
∆ F B denotes the antisymmetric part of the cross-section normalized to the tree-level crosssection,
and ∆ σ is the relative correction for the integrated cross-section, see eq. (1). Formally the difference between A F B and ∆ F B is of higher order; however, owing to the presence of large corrections to the total cross-section, it is numerically significant. Note that ∆ σ in eq. (3) should contain all the QED and weak one-loop contributions. Although the physical quantity to study is A F B , the quantity ∆ F B can be written as the sum of the various contributions, and it is thus useful to make comparisons between the different sources of the asymmetry. In Fig. 2 we have already presented the part of ∆ F B resulting from the pure photonic contributions and the asymmetry A F B including only QED effects, as a function of the photon energy cut-off. The QED induced A F B is rather large, reaching from A F B = 6%
[10%] to ∼ 1.5% for set A [B] . A large part, however, is due to the large negative corrections to the integrated cross-section. The quantity ∆ F B is independent of this normalization effect. As can be seen in Fig. 2 , the QED contributions to ∆ F B are between 3% [4%] for a very restrictive cut to the photon energy, and decrease to ∼ 1% for a totally inclusive Fig. 3 . Table 1 : The weak corrections to the integrated cross-section (∆ σ ), the weak contributions to ∆ F B eq. (3), and the total forward-backward asymmetry A F B for the MSSM, for given parameters. Other parameters as in Fig. 4 .
treatment of the phase space. Since for a totally inclusive measurement the QED effects are largely reduced (both, in the asymmetry and the total cross-section) the purely weak effects could be accessible more easily. For definiteness we shall assume in the following discussion always the inclusive case, which corresponds to the fully integrated phase space of the radiated photon. We now turn to the weak contributions. In the 2HDM, the quantity ∆ F B depends only mildly on the parameters and on the type of model. The dependence on the model parameters essentially enters through the normalization factor ∆ σ . Fig. 6 shows the part of ∆ F B resulting from the weak-loop diagrams (to be added to the QED one of Fig. 2 ) and the total forward-backward asymmetry A F B , including the fully inclusive QED effects, for the general 2HDM. In Fig. 6a we see that the weak part of ∆ F B amounts to about 1% [1.75%] for set A [B] , which is of the same order as the QED-induced part in each case (Fig 2) . This means that the total forward-backward asymmetry would be largely enhanced with respect to the QED expectations. As can be seen in Fig. 6b , A F B can be twice the totally inclusive asymmetry of Fig. 2 ; even at its minimum it is significatively larger.
The additional MSSM contributions owing to charginos and neutralinos are smaller; their effect is typically a 10% reduction of ∆ F B from virtual gauge and Higgs bosons. To make this more illustrative, we present in table 1 the weak-loop part of ∆ F B in the MSSM, and the total asymmetry A F B for various sets of model parameters. The parameters used in table 1 are representative for the extreme values A F B can take in the MSSM (for the given values of √ S and M H ± ). We can see that the variation of ∆ F B is rather small, and the main variation of A F B is again mainly due to the corrections to the normalization factor.
In general, ∆ F B (and so A F B ) as a function of S, increases with the velocity of the produced charged Higgs boson
A F B N/year N F − N B /year QED −18% 10 1.5% 5000 75 2HDM −35% to −10% 8 to 11 2% to 3.4% 4000 to 5500 110 to 135 Table 2 : Total corrections (∆ σ ), integrated cross-section (σ), forward-backward asymmetry (A F B ), number of total expected events (N) and excess of events in the forward direction (N F − N B ), for the 2HDM of type II (set A: √ S = 500 GeV, M H ± = 220 GeV), asuming an integrated luminosity of 500 fb −1 /year.
Conclusions
We have presented a full O(α) computation of the radiative corrections to the production cross-section for σ(e + e − → H + H − ) together with a discussion for values of the charged Higgs mass relevant to the TESLA e + e − linear collider. The computation was done in the general framework of the type I and type II 2HDM, as well as in the MSSM.
The one-loop corrections owing to virtual gauge and Higgs particles are typically of the size ∼ 5%, but they can be much larger (positive) for large values of λ 5 in the general 2HDM. The ones from top and bottom quarks are negative; they can be as large as ∼ −20% in the low tan β region, and for the type II 2HDM and the MSSM also in the region of large tan β.
The main effect from SUSY particles to the total cross-sections originates from the squarks of the third generation, yielding large corrections provided mq < ∼ 500 GeV. The chargino-neutralino contributions are of the order of a few per mille.
The forward-backward asymmetry produced by weak loop effects (∆ F B ) is found to be around the 1% [2%] level in the general 2HDM for set A [B] . The additional SUSY contributions to ∆ F B , mediated by charginos and neutralinos, are smaller, producing a decrease of 10% with respect to the 2HDM expectations.
The QED corrections from real and virtual photons are rather large: −60% to −20% [−10%] for the integrated cross-sections, and 6% [10%] to 1.5% for the asymmetries.
With the QED corrections under control it should be feasible to detect the genuine weak quantum contributions to the total cross-section. With a total inclusive measurement with respect to the photons, the QED effects can be largely diminished; in this case the QED contribution to ∆ F B (eq. (3)) is of the same order as the weak loop contribution. Hence, the forward-backward asymmetry is significantly increased (even doubled) compared to the QED expectations. In table 2 we present the expected number of events taking into account only the QED corrections (first line) and the complete one-loop corrections for the 2HDM case (second line), for an integrated luminosity of 500 fb −1 and for the parameter set A. The numbers show that the effects in the asymmetry should be detectable. On the other hand, to disentangle the effects resulting from charginos (see table 1) from the Higgs and gauge boson contributions, will require precision measurements below the 1% level.
The size of the radiative corrections depends slightly on the mass of H + and the energy √ S, with similar conclusions as given above. Two examples are contained in the numerical analysis of this article; a comprehensive description will be given in [10] .
